Introduction
Short -term glycemic memory can be reflected by hemoglobin A1c (HbA1c), which represents the degree of glycemic control over the last 6 to 8 weeks. Another more long-term glycemic index encompasses the level of tissue accumulation of advanced glycation end products (AGEs). 1 These stable end products of glycation of proteins are formed nonenzymatically in the Maillard reaction from Amadori products such as HbA1c. AGEs can also be formed by reactive carbonyl compounds (e.g., glyoxal, methylglyoxal, arabinose, glycoaldehyde) in conditions of enhanced oxidative stress in general. AGEs form crosslinks in and accumulate on long-lived proteins such as skin collagen, which has an estimated lifetime of 15-20 years. Quantization of these collagen-bound AGEs could provide information about cumulative glycemic and oxidative stress over several years. Part of this metabolic process is a consequence of poor metabolic control over a considerable period, probably years.
Important evidence regarding the relationship between poor metabolic control and the development or progression of diabetic complications has been found earlier in T1DM in the Diabetes Control and Complications Trial (DCCT) and in T2DM in the United Kingdom Prospective Diabetes Study during the 1990s.
2,3
Relevance of the glycated collagen products compared to HbA1c, both as markers of diabetic complications, has been investigated in a DCCT-Epidemiology of Diabetes Interventions and Complications (EDIC) substudy. 1 Longterm intensive treatment compared to conventional treatment of type 1 diabetes patients resulted in lower skin collagen glycation, glycoxidation, and cross-links. The accumulation of collagen AGEs, as measured in skin biopsies, explained an unexpectedly high percentage of variance in the incidence of diabetic complications, also after adjustment for HbA1c levels. Monnier et al. 2 also found that the AGE accumulation in skin biopsies of type 1 diabetic patients was poorly predicted by HbA1c levels over several different time periods.
Advanced glycation end product accumulation can be quantified by tissue measurements, invasively by skin biopsies, but also noninvasively with an autofluorescence reader (AFR) or currently AGE reader. This newly developed device measures certain tissue AGEs, with the concept of reflecting metabolic control over several years, and has already been established as a risk marker for micro-and macrovascular complications and mortality in T2DM. 4, 5 Controlling glycemic and metabolic status is an important issue in preventing long-term diabetic complications, and it is not clearly defined which marker for metabolic control over a certain period is the best predictor in relation to the development of chronic diabetic complications. We hypothesized that the accumulation of AGEs in type 2 diabetes patients can be predicted by the course of HbA1c during a certain period prior to the skin autofluorescence (AF) measurement. The aim of our study was to investigate to what extent skin AF, reflecting tissue AGE accumulation, can be predicted by different integrated assessments of HbA1c in type 2 diabetic patients.
Methods

Study Population
Subjects were recruited from a large type 2 diabetes cohort participating in the Zwolle Outpatient Diabetes project Integrating Available Care (ZODIAC) study. At the end of follow-up, from June 2004 until October 2005, a second skin AF was assessed randomly in 452 patients from the initial population of 973 patients who were still visiting the diabetes outpatient clinic. Because of the limitation of the applied AFR to measure accurately in dark skin types, patients with a Fitzpatrick class V-VI skin type were excluded from the beginning. All participating patients visited the outpatient clinic annually and all of them had given informed consent. Approval by the local ethical committee had been obtained.
Autofluorescence Reader
Assessment of tissue AGEs by the AFR device, a prototype of the current AGE reader (DiagnOptics Technologies BV, Groningen, The Netherlands), is based on a technique that enlists the fluorescence properties of certain AGEs, as mentioned before, and expresses the level of skin AF. This noninvasive measurement is obtained by positioning the ventral side of the lower arm on a window in a box containing an excitation ultraviolet A light source with a peak wavelength around a 370-nm excitation light, integrated over the 300-to 420-nm range. Reflected light from the skin and emission light in the 420-to 600-nm range are measured with an integrated spectrometer. Dividing the average light intensity of the emission spectrum by the average light intensity of the excitation spectrum expresses the skin AF level in arbitrary units (AU). To calculate skin reflection, white reference measurements (with a white Teflon block, assuming 100% reflectance) were performed before every measurement. Over all AF measurements, the mean agecorrected AF per measuring month, per examiner, and per AFR system did not differ significantly. The AFR has been described more in detail elsewhere. 8 
Clinical Data and Laboratory Assessments
Clinical data were obtained on the date of the first skin AF measurement; these data were derived from the Diabetic Electronic Monitoring System containing data of all patients in the shared-care project. 6 Laboratory assessments were measured according to the standard hospital procedures of the Isala Clinics, Zwolle, The Netherlands. HbA1c was measured with a Primus CLC-385 using boronate affinity chromatography and high-performance liquid chromatography (reference value 4.0-6.0%). The presence of microvascular disease was defined as the occurrence of at least one of the following diabetic complications: retinopathy, neuropathy, and/or nephropathy. We used the albumin-to-creatinine ratio (ACR) in our definition of nephropathy. The relationship between skin AF and ACR was shown in the original study population, and the predictive value of skin AF for the development of nephropathy has been studied as well.
4,7 Macrovascular disease was defined as the presence of at least one aspect of the following cardiovascular complications: coronary heart, cerebrovascular, and/or peripheral vascular disease. All complications are described in detail elsewhere.
7
Skin AF assessments were performed at baseline and at the end of follow-up.
Statistical Analysis
Comparing means of skin AF between patients with and without a diabetic complication was performed by analysis of variance.
Linear regression was used to determine the relationship between skin AF at follow-up and various HbA1c measures. The different integrated assessments of HbA1c used in the analyses were as follow: the variance of HbA1c, mean HbA1c, maximum HbA1c, and HbA1c at baseline. Mean and variance of HbA1c were calculated over the annually assessed HbA1c measurements between baseline and the end of follow-up. Maximum HbA1c is the highest HbA1c level of the annually assessed HbA1c measurements between baseline and the end of follow-up.
Adjustment for baseline skin AF was performed in all the analyses. In multivariate regression, in addition to baseline skin AF, adjustments for age, diabetes duration, creatinine, and smoking were made (all variables were assessed at baseline). These variables are all independently related to skin AF and could all affect the rate of formation and accumulation of AGEs during years.
7
Results
Baseline characteristics are shown in Table 1 . Mean age was 65 years with 255 (54%) female patients. The mean follow-up duration was 3.3 ± 0.4 years. At baseline, patients were well controlled with a mean HbA1c of 6.8 ± 1.2%, and mean HbA1c at follow-up was 7.0 ± 1.0%. Patients with either a microvascular or a macrovascular complication had higher levels of skin AF baseline ( Table 2 ).
The total amount of annually collected samples of HbA1c per patient was minimal 3 and maximal 5; the mean of collected samples of HbA1c was 4.2. The relationship between skin AF at follow-up (adjusted for the also presented skin AF at baseline) and the various assessments of HbA1c is shown in Table 3 . Skin AF at follow-up showed weak but significant relationships with all different integrated assessments of HbA1c: regression coefficients < 0.1; p ≤ 0.025 [with addition of baseline skin AF: overall adjusted R 2 ~0.45; p < 0.001]. Table 4 shows the linear regression analyses of skin AF at follow-up versus different integrated assessments of HbA1c with adjustment for baseline skin AF, age, diabetes duration, creatinine, and smoking. In all analyses, adjusted R 2 of skin AF at follow-up was 0.48 (p < 0.001), although the regression coefficients of all the different integrated HbA1c assessments were low (maximum 0.069) and, therefore, added little prognostic value to skin AF level at follow-up. The skin AF level at baseline proved to be the best predictor for skin AF at follow-up (regression coefficient = 0.65 for mean HbA1c, maximum HbA1c, HbA1c at baseline, and 0.66 for the variance of HbA1c; p < 0.001). Age and creatinine were of less predictive value than skin AF at baseline. In these models, diabetes duration and smoking were not of any prognostic value for skin AF at follow-up.
Discussion
This study showed that skin AF, reflecting tissue AGE accumulation and proposed as an exponent of glycemic long-term memory, is poorly predicted by the degree of short-term glycemic control in a type 2 diabetes population. The variance, mean, maximum, and baseline measurements of HbA1c during a 3.3-year period prior to the skin AF measurement at the end of the followup period were all of little value for predicting the change in AGE accumulation. These findings confirm the observations by Monnier and colleagues 2 in the DCCT-EDIC cohort in T1DM. In the DCCT-EDIC substudy analyses of skin collagen variables against HbA1c levels at various time points regarding the date of biopsy were adjusted for age and diabetes duration only. 1 In our cohort, age and skin AF at baseline were the most pronounced factors that influenced skin AF at follow-up, which is not surprising. A stable or small increase of the accumulation of AGEs was seen during the relatively short follow-up period. This also confirms the slow process of formation and accumulation of AGEs in human tissue, but could also be because of the on average well-controlled study population (mean HbA1c of 6.8%). The mean increase in skin AF of 0.08 AU over 3.3 years is also in line with the similarly small age decade-related differences in skin AF levels in our previous cross-sectional study in the same cohort.
7 Furthermore, patients with a decrease in skin AF level do have a lower HbA1c level at baseline compared to patients who have a stable or increased skin AF level. If the attribution of hyperglycemic stress to the formation of AGEs is important, one could postulate that a decrease in the AGE level is accompanied with a lower HbA1c level. The acceleration of formation of AGEs could be more pronounced at higher HbA1c levels.
Renal function, as reflected by serum creatinine, affects the capacity for AGE removal and, therefore, plays an independent role in the accumulation of tissue AGEs. In the present study, it was indeed confirmed that serum creatinine contributes to the change in skin AF at followup. Cross-sectional data showed that smoking resulted in increased skin AF levels in both T2DM and controls, but in the present longitudinal analyses, smoking at baseline did not correlate to skin AF levels at follow-up. 7 This could be because of the short follow-up period and/or the strict diabetes treatment regimen of patients participating in the shared care project, which included stimulation of patients to stop smoking. The percentage of smokers was low in our cohort. Because tobacco smoke is a source of precursors of AGEs and free radicals, which both enhance AGE formation and accumulation, cessation of smoking could result in stabilization or probably decrease the rate of AGE accumulation.
9,10
In our study, unfortunately, no data were available on the effects of short-term glycemic variability nor on the degree of oxidative stress. Hyperglycemia is a well-known endogenous source of oxidative stress. 11, 12 Monnier and associates 13 confirmed that glucose fluctuations during postprandial periods exhibited a more specific triggering effect on oxidative stress than chronic sustained hyperglycemia in type 2 diabetic patients. However, no relationship was seen between high glucose variability and elevated levels of oxidative stress in patients with type 1 diabetes, although these patients had higher urinary levels of oxidative stress than healthy controls. 14 Markers of oxidative stress will be measured in future studies to determine the degree of oxidative stress and to study its relationship with skin AF, reflecting the accumulation of AGEs, and glycemic variability.
The relatively small numbers of total collected samples of HbA1c per patient (due to the short follow-up period) and the overall good glycemic control in our study population are two other limitations of our study; the latter could be considered as a limitation in assessing the rate of AGE accumulation. We cannot exclude that extending the range of glycemic control could have resulted in a stronger contribution of the HbA1c parameters to skin AF. Perhaps a stronger relationship would also have been found in poorly controlled subjects studied over a longer time period. This study confirmed that the level of skin AF is partly determined by glycemic control defined as different assessments of HbA1c. Information about skin AGE levels could be of more important value than HbA1c levels for the development of diabetic complications, which could make the noninvasive AFR a practical adjuvant in clinical practice. Follow-up studies have already shown the usefulness of skin AF as a new marker in predicting diabetic complications, which turned out to be a stronger predictor than HbA1c. This was found for microvascular complications as well as for macrovascular morbidity and mortality. 4, 5 The mainstay of diabetes management is the prevention of chronic complications, especially cardiovascular disease. The presence of a considerable number of patients with micro-and macrovascular disease in our well-controlled study population at baseline supports the consensus that HbA1c parameters, reflecting at best medium-term glycemic control, cannot be considered as a substitute for the use of skin AF, reflecting the accumulation of AGEs with its vasculardamaging effects.
Conclusions
In conclusion, the present type 2 diabetes study showed glycemic control, measured by different assessments of HbA1c, as a small contributor to AGE accumulation expressed as skin AF. This poor relationship between HbA1c and skin AF in this group of type 2 diabetes mellitus patients is in agreement with the results of the DCCT in T1DM patients. Skin AGE levels could reflect the gravity of vascular damage even better than glycemic control by HbA1c. The finding also suggests other mechanisms for increased AGE accumulation, such as oxidative stress.
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